Abstract-A novel dual-band substrate integrated waveguide (SIW) filter with multiple transmission zeros and good out-of-band rejection performance is presented in this paper. For this purpose, an orthogonal input/output (I/O) feeding structure directly connected to the substrate integrated waveguide (SIW) cavity is designed to split the resonant frequencies of the degenerate pair of mode. The filter can be modeled with a multi-path circuit formed by three modes (TE 101 , TE 201 and TE 102 modes) and weak cross coupling between I/O ports, thereby producing three transmission zeros which make the dual-band high selectivity. The offset of the input/output ports shifts the second transmission zero to a lower frequency from the upper passband. Several filter prototypes are designed and fabricated for demonstration, and the measured results validate the new structure for high selectivity applications.
FILTER DESIGN

Basic Structure of SIW Resonant Cavity (Filter I)
shows the configuration of filter I. It is composed of an SIW square resonant cavity etching with two open loop resonators (OLRs). It is also used as a basic structure in this paper. According to the formula given by [12] , the size of the cavity is adjusted to a suitable cut off frequency f c , where a and h are the length and height of the cavity, respectively, d is the diameter of the metallic vias, The open loop resonators etched on SIW cavity not only are used as resonators but also generate inter-coupling. Both OLRs can take the approximated values of half-wavelength at the center frequency. The SIW and OLRs interact with each other at l5, thus l5 should be one of the adjusting parameters to be specified in Section 2.3. The embedding OLRs are placed along with the axial direction. It is worth mentioning that the width of OLRs should not be too large or the current distribution will be interfered.
The 50 Ω microstrip lines are directly connected to the SIW cavity at the input and output ports. The dual-mode resonator in Fig. 1 is formed by a pair of orthogonal input/output feeding lines for perturbation. Two degenerate resonant modes may be split by introducing a perturbation element in a resonator, and thus three modes (TE 101 , TE 102 and TE 201 mode) exist in the SIW cavity. One transmission zero is created because of the opposite phase of TE 102 and TE 201 mode. Two additional transmission zeros are attributed to the existence of a weak cross coupling path between the input/output ports. Thus three transmission zeros will appear. According to the above discussion, a single band and two dual-band bandpass filters are designed, fabricated and measured. This whole work is based on full wave software Ansoft HFSS. A 0.508 mm thick Rogers 5880 is used in this paper with a relative permittivity of 2.2, dielectric loss tangent of 0.0009. The diameter of the vias is 1 mm and the space between two vias is 1.5 mm (only for filter I).
The simulated and measured frequency responses for filter I are shown in Fig. 2 . As described above, the center frequency is located at 5.4 GHz and the bandwidth is about 6.5%. It can be seen that the second spurious response appears at 8.5 GHz, about only 1.57 times of the first resonant frequency. Three transmission zeros can be observed to improve the selectivity. It should be noted that this filter suffers from poor performance. It is used as a basic structure for the next two dual-band bandpass filters to be specified in Section 2.2 and Section 2.3. 
Design of Dual-Band Bandpass Filter II
To demonstrate the application of the proposed SIW resonator, a dual-band bandpass filter with a circular slot is investigated. Fig. 3 shows the configuration of filter II. The circular slot is just located at the center of the SIW cavity. The inner and outer radius of the slot are r1, r2, respectively. The circular slot etched on SIW cavity is about a half-wavelength to control the frequency response of the resonator. As is know to all, the coupling between the two degenerate modes can be used to build a bandpass filter. The circular slot is employed here to enhance the coupling between TE 201 and TE 102 modes, while the coupling can be adjusted by different value of radius. Thus the second passband of filter II is formed. But the radius of the circular slot should not be too big to avoid interference with the first degenerate mode.
The dimensions in Fig. 3 are chosen as follows (all in mm):a = 25.45, d = 1, h = 0.508, l1 = 5.25, l2 = 3, l3 = 0.85, l5 = 5.2, w1 = 0.8, w2 = 1.86, wp = 1.52, W = 27.05, r1 = 2.95, r2 = 3.3, s0 = 0.2. The overall size of the device, including the input/output feeding lines is about 30 mm×30 mm. As shown in Fig. 4(a) , the lower passband and upper passband are centered at 5.2 GHz and 7.8 GHz, respectively. The photograph of the fabricated dual-band filter is shown in Fig. 4(b) .
Design of Dual-Band Bandpass Filter III
Filter III is another design based on the basic SIW resonant cavity mentioned in Section 2.1. Configuration of the filter is shown in Fig. 5 . The only difference with the basic structure ( Fig. 1) is that the centers of the two open loop resonators are not located right on the X-axis and Y -axis, where they are shifted with a deviation of p1 and p2. According to [15] , the position of I/O ports in a cavity is the main design parameter to control the transmission zeros and its position with respect to the passband. Fig. 6 demonstrates the bandwidth control according to the change in deviation of p1 and p2.
As shown in Fig. 6 (a) , as p1 increases, the first transmission zero remains almost the same while the location of the second transmission zero moves to lower frequency from upper passband. The location of second passband is decided by the deviation of p1. Thus, the performance of out-of-band rejection of the second passband will be greatly improved with an appropriate deviation of p1, whereas the first passband remain stationary. According to Fig. 6 (b) , p2 controls the S-parameter S 21 of the second passband. Meanwhile, it also has an extremely effect on the location of the second transmission zero when p1 is fixed. After making a compromise of return loss and the location of the second transmission zero, when p1 and p2 are fixed at 2 mm, three transmission zeros appear at 5.7 GHz, 7.6 GHz and 9 GHz, resulting in high selectivity.
The SIW and open loop resonators interact with each other which have been mentioned in Section 2.1. As demonstrated in Fig. 7 , l5 controls the location of the first transmission zero with nearly no influence upon the second passband. The corresponding structure parameters in Fig. 5 are given as: a = 25.45 mm, d = 1 mm, h = 0.508 mm, l1 = 5.25 mm, l2 = 3.2 mm, l3 = 1 mm, l5 = 4.2 mm, w1 = 0.79 mm, w2 = 1.86 mm, wp = 1.52 mm, W = 27.05 mm, p1 = 2 mm, p2 = 2 mm, s0 = 0.2 mm. The size of the device is the same as that of filter II. In Fig. 8 , both the measured and simulated results are presented.
A comparison of the dual-band SIW filters ( [7, 9, 10] ) to the proposed filter III is shown in Table 1 . It can be seen that filter III has a good performance of small return loss, wide band, good return loss, high selectivity and easy design and fabrication, though its upper stopband is not very outstanding (20 dB @ 9.75 GHz).
FABRICATION AND EXPERIMENT
The proposed bandpass filters are analyzed and designed using full-wave EM simulator software (Ansoft HFSS). To validate the design and analysis, the filter prototypes were designed and fabricated. The fabricated filters were measured using Agilent 8722ES network analyzer. The measured results were plotted together with those simulated ones. Good agreements between the simulated and measured results have been obtained. The measured results are listed in Table 2 . It should be pointed out that although the agreement of the measured response with the simulated frequency responses is acceptable, discrepancies can be observed from the Table: The measured in-band return losses are 5∼10 dB (for three filters) smaller than the simulation ones. It also can be observed that the center frequencies have a relative offset to higher frequency and the bandwidths of the first passband are larger than that of the simulation while the second passbands are nearly the same. Here, we further discuss the changing properties of the proposed filter at different values of s0. Considering the simulated frequency responses of the filters with different values of s0, as shown in Fig. 9 (filter II is taken as an example), the first center frequency drift is observed. Hence, the offset of the center frequency is caused by the precision of s0 in the fabrication process (within the tolerance of the etching machine). It is conjectured that the unsatisfactory return loss may be attributed to slight impedance mismatch between the feeding section and the SMA connectors caused by manual welding and the effective conductivity of fabricated filters which is less than that of the simulation.
It should be noted that filter III has the most excellent performance for its high selectivity which is realized by three transmission zeros located at 5.7 GHz with a 51 dB rejection, 7.6 GHz with a 42 dB rejection, and 9.0 GHz with a 45 dB rejection, respectively. The measured results show that the lower passband and upper passband are centered at 5.3 and 8.7 GHz, with insertion losses of < 1.8 dB and < 1.94 dB. The rejection is more than 31.9 dB in the stopband which lies between the dual passband from 5.77 GHz to 7.64 GHz. In addition, the filter III has the fractional bandwidth of about 6.8%/3.2% at 5.3 GHz/8.7 GHz. 
CONCLUSION
A novel open loop resonator allows the design of extremely compact high selectivity SIW bandpass filter. Three filters were proposed and fabricated, which show different bandpass responses. Filter I possesses the property of single band bandpass with high mode spurious. Low insertion loss and wideband can be realized for dual-band filter II with a circular slot etched on the basic SIW structure, but the out-of-band performance of the second passband is not outstanding. Compared with previous two filters, filter III exhibits an excellent out-of-band rejection performance. The first and second transmission zeros can be independently controlled to desired values by tuning the dimensions of open loop resonators. All of the filters are fabricated on a 0.508 mm-thickness F4B substrate based on the proposed SIW cavity. Both simulated and measured results suggest that the proposed SIW cavity is a candidate for the design of compact planar dual-band filters.
